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(57) ABSTRACT

Methods for analyzing timing of an integrated circuit using
block-based static statistical timing analysis and for practical
worst test definition and debug. The method includes building
a timing graph, determining a slack for each of the nodes 1n
the timing graph, and identifying a statistically worst slack for
at least one of the nodes. The method further includes replac-
ing this statistically worst slack with a proxy worst slack.
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METHODS FOR PRACTICAL WORST TEST
DEFINITION AND DEBUG DURING BLOCK
BASED STATISTICAL STATIC TIMING
ANALYSIS

FIELD OF THE INVENTION

The mvention relates generally to integrated circuit design
and, in particular, to statistical static timing analysis for ana-
lyzing the timing characteristics of an integrated circuit,
betore physically fabricating the integrated circuit, by propa-
gating arrival and required arrival times of an integrated cir-
cuit in a probabilistic or statistical fashion.

BACKGROUND OF THE INVENTION

Static timing analysis (STA) 1s a common method of com-
puting the expected timing of a digital circuit to i1dentify
problem areas of an integrated circuit during the design phase
and 1n advance of actual fabrication. The timing of the inte-
grated circuit 1s simulated to determine 11 1t meets the timing
constraints and, therefore, 1s likely to operate properly if
fabricated in accordance with the tested design.

Deterministic STA (DSTA) propagates timing quantities,
such as arrival times, required arrival times, and slews, along
with any other timing related quantities (guard times, adjusts,
asserts, etc.), as single valued determinmistic data. DSTA only
covers a single corner of a space of process variations with
cach individual timing run. A corner 1s a set of input values for
parameters that may include temperature of the circuit, input
voltage, and various manufacturing parameters ol an inte-
grated circuit. In order to evaluate the impact that a given
parameter will have on timing, multiple DSTA timing runs
must be executed with parameters that affect timing set at
several maximum and minimum corners, such as high and
low temperature, high and low voltages, and various process-
ing conditions. For example, DSTA timing runs may compare
a corner characterized by a combination of high input voltage,
a high operating temperature, and the worst manufacturing
parameters with a corner characterized by a combination of a
low 1mput voltage, a low operating temperature, and the best
manufacturing parameters. As a check of the performance of
the integrated circuit design, many or all of the corners may be
run and the integrated circuit design adjusted until all of the
corners pass the timing tests. These results retlect the extreme
performance bounds of the imntegrated circuit and may require
numerous timing runs to fully explore the space of process
variations. Even then, the results may be overly pessimistic
and misleading for optimization tools.

Statistical static timing analysis (SSTA) propagates timing
quantities as statistical distributions instead of as single val-
ued deterministic data. In contrast to the DSTA approach that
only predicts a single corner of the space of process variations
with each timing run, a single timing run using SSTA predicts
the performance of the integrated circuit over the entire space
of process variations. Consequently, 1n order to close timing,
a single SSTA timing run may replace multiple DSTA timing
runs. For example, assuming N parameters (1.e., sources of
variation) and two corners per parameter, then 2" corners
would have to be analyzed by individual DSTA timing runs to
match the effectiveness of a single SSTA run. Hence, SSTA 1s
far more computationally efficient than DSTA. A test run that
passes 1 a single process corner under a DSTA run may
actually fail in one or more other performance-limiting cor-
ners 1n the process space, which SSTA would reveal. SSTA
methods can, therefore, reduce the exaggerated pessimism
inherent in DSTA.
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SSTA operates on a timing graph comprised of nodes,
which represent points at which signal transitions can occur,
and edges that connect incident nodes. Timing values are
computed for the timing graph at each node based upon
arrival times (Al's), which define the time (or the time distri-
bution) at which a given signal arrives at a timing point, and
required arrival times (RAT's), which defines the time (or the
time distribution) at which the signal 1s required to get to the
timing point, 1n order to meet the timing requirements. These
ATs and RAT's are used to compute timing metrics in the form
of slacks at nodes (R AT minus AT for late mode and AT minus
RAT for early mode). A negative value for either a late mode
slack or an early mode slack indicates a timing constraint
violation.

Typically, slack data 1s only collected for timing qualifica-
tion at a subset of all of the timing graph nodes, sometimes
referred to as test points, or endpoints. These endpoints are
frequently defined as those nodes that are either primary
outputs of the circuit, or those that control data propagation
(e.g. the 1nput to storage elements such as latches). There
frequently are multiple slacks incident at these nodes, due to
both the backward propagated RAT data from upstream
nodes, and also due to any timing tests that may be present on
those nodes (e.g. setup or hold tests). These slacks may be
called edge slacks, as they arise from the timing and test
segments that form the graph edges incident on the node of
interest. The final slack value for that node 1s defined as the
minimum of all edge slacks, as this 1s the limiting slack that
can cause timing failure.

In deterministic timing analysis, a ‘traditional’ determin-
1stic minimum operation 1s used, where the smallest of all the
incident edge slacks 1s used to define the nodal slack value.
For this reason, an individual edge slack can never be worse
than the node slack, and the node slacks always capture the
worst timing constraint violations.

In block-based SSTA, statistical minimum and maximum
operations used to calculate a node slack for the propagated
statistical distributions. As the input data to these operations
are Tunctions (statistical distributions), the output of a statis-
tical minimum or maximum operation 1s also a function.
These propagated distributions will typically overlap such
that each one will produce a mimimum (or maximum) some
percentage of the time over numerous samples. Therefore the
output function 1s defined as a linear combination of all of the
inputs, with each mnput weighted by the probability that 1t will
produce either the minimum or the maximum result. There-
fore, failing results in a timing report cannot be easily corre-
lated with the actual failing test that produced the fail, which
increases the difficulty to trace failing tests as required to
resolve timing issues.

Moreover, in block-based SSTA reporting of the slack
distribution, an edge slack for a propagated distribution can
be worse than the slacks of the nodes connected by the edge
because of the statistical maximum and minimum operations
performed on the propagated distributions. Problems arise
because the timing correctness of a circuit design 1s often
determined by ensuring that all edge slacks are non-negative
or, more generally, are greater than some user-specified
threshold. Because slacks of the nodes connected by an edge
may be higher than the slack of the edge, this leads to a
situation in which a timing constraint violation 1s reported on
an edge. However, the slacks of the nodes connected by the
edge, which the designers and optimization tools generally
use, forming the sink slack do not indicate a timing constraint
violation. Therefore, designers and optimization tools may be
confused or mislead because of the slacks of the edges are not
considered.
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Accordingly, there 1s a need for an improved method for
practical worst test definition and debug during block-based

SSTA that overcomes these and other deficiencies of conven-
tional block-based SSTA.

SUMMARY OF THE INVENTION

In an embodiment of the mvention, a method 1s provided
for analyzing timing of an integrated circuit using static sta-
tistical timing analysis. The method includes building a tim-
ing graph having a plurality of nodes and a plurality of edges
connecting the nodes, forward propagating a first set of
probabilistic distributions 1n the timing graph, and statisti-
cally calculating an arrival time of the first set of probabilistic
distributions at each of the nodes. The method further
includes backward propagating a second set of probabilistic
distributions 1n the timing graph and statistically calculating
a required arrival time of the second set of probabilistic dis-
tributions at each of the nodes. A statistically worst slack 1s
identified for at least one of the nodes from the arrival times
and the required arrival times either through a slack calcula-
tion based upon the arrival times and the required arrival times
or through required arrival time calculations. The method
turther includes replacing the statistically worst slack for at
least one of the edges with a proxy worst slack.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flow chart of a method of conducting statistical
static timing analysis of an integrated circuit 1n accordance
with an embodiment of the invention.

FIG. 2 shows a representative timing graph generated by a
timing run in statistical static timing analysis.

DETAILED DESCRIPTION

With reference to FIG. 1, a process flow 10 for a statistical
static timing analysis (SSTA) tool 1s shown. The SSTA tool
utilizes a block-based approach that propagates one probabil-
ity distribution from each node to the next node and, so on
until 1t reaches a sink node using a statistical maximum opera-
tion for early mode arrival times (setup timing constraint) or
a statistical minimum operation for late mode arrival times
(hold timing constraint).

In block 12, inputs are supplied to the SSTA tool. Specifi-
cally, the SSTA tool reads and flattens a netlist representing
the structure of the circuit to be analyzed, a set of timing
assertions, a set of canonical delay models governing the
sources ol variation in the space of process variations, sensi-
tivities relating the delay attributable to each individual
parameter, and statistical information describing the sources
of vanation. The timing assertions, each of which can be
either deterministic or probabilistic, may include arrival
times at the primary inputs, required arrival times at the
primary outputs, information about the phases of the clock,
and details of external loads that are driven by the primary
outputs. The canonical delay model, which may be a param-
cterized first-order expansion, permits the SSTA tool to deter-
mine the delay of a gate or wire as a function not only of
traditional delay-model variables (like mput slew or rise/fall
time, and output load) but also as a function of the sources of
variation.

In block 14, the SSTA tool constructs a timing graph from
the netlist. The timing graph contains nodes at which signal
transitions occur and edges connecting various incident
nodes. A typical static timing analysis tool analyzes a syn-
chronous design description for timing violations by breaking
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down the design into individual timing paths in the timing
graph. The timing graph consists of nodes and edges repre-
senting delays in the circuit incurred when a logical transition
(etther from low to high or from high to low) 1s transmitted
through a circuit component, such as a gate or wire. Each path
has a source node (1.e., a place 1 a design description where
data 1s launched by a reference signal edge) and a sink node
(1.e., a place 1n the design description where data 1s captured
by a reference signal edge). The static timing analysis tool
calculates a signal propagation delay corresponding to each
individual timing path 1n the timing graph.

With reference to FIG. 2, a representative timing graph 1s
shown that includes a source node 26, a sink node 28, a
plurality of nodes 31-37 connected between the source node
26 and sink node 28, and edges 40-51. Nodes 31-34 represent
primary inputs of the circuit represented by the timing graph
and nodes 36, 37 represent primary outputs.

In block 16, the SSTA tool computes early mode and later
mode Al's at each node by forward propagating signals 1n the
form of probabilistic distributions from the source node to the
sink node. AT's are typically stored on the nodes of the timing
graph and delays of individual gates and wires are typically
stored on the edges of the timing graph. Signals are propa-
gated through edges by adding edge delays to signal AT'’s.
When multiple AT's are propagated along different edges to
cach of the nodes, the AT at the node 1s computed as the
statistical maximum (for late mode ATs) or the statistical
minimum (for early mode ATs) of the incoming edge delays.
A late mode AT 1s the earliest time at which the corresponding
signal 1s guaranteed to be stable at its correct logical value
alter the signal has traversed any of the possible paths of the
integrated circuit. An early mode AT 1s the earliest time at
which the corresponding signal can change from 1ts stable
logical value during the previous clock cycle. The output of a
node cannot change earlier than the early mode AT.

At each node, the mean and variance of the statistical
maximum AT 1s calculated using either analytical formulas or
numerical methods, understood by a person having ordinary
skill 1n the art of SSTA. Each output parameter sensitivity 1s
computed by linearly combining all mnput data (upstream
AT +respective edge delays), with each input being weighted
by 1t’s respective tightness probability. Generally, a tightness
probability 1s the probability that the random vanable 1s the
greatest of a set. Arrival tightness probabilities are determined
that reflect the probabailities that the arrival time at each of the
nodes may be dominated by one or the other of the incoming
edges. The first and second moments of the resulting distri-
bution are matched by selecting an appropriate mean and
random sensitivity.

In block 18 and after the conclusion of forward propaga-
tion, probabilistic distributions representing RATs are back-
ward propagated by the SSTA tool through the timing graph.
When multiple RAT's are propagated along different edges to
a node, the RAT at the node 1s computed as the statistical
maximum (for early mode RATSs) or the statistical minimum
(for late mode RAT's) of the RAT's of the incoming edges. A
late mode RAT indicates the latest time within the clock
period of a given clock phase that a signal transition may
occur at the node without violating a timing constraint. An
carly mode RAT indicates the earliest time within the clock
period of a given clock phase that a signal transition may
occur at the node without violating a timing constraint.
Delays are subtracted from RAT's 1n backward propagation as
timing progresses irom the sink node back to the source node.
Required arrival tightness probability of an edge 1s defined as
the probability that the RAT at a node 1s determined by that
edge.
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In addition to the propagated RATs described above, the
R AT calculation also considers any timing constraints that are
incident on the current node. These include things such as
setup and hold constraints at latch mputs, as well as pulse
width tests, loop cut tests, clock gating tests, etc. Setup timing,
constraints enforce a maximum delay on a timing path rela-
tive to the reference signal path. Hold timing constraints
enforce a mimmum delay on a timing path relative to the
reference signal path. Each constraint also contributes a RAT
indicating the timing results of that constraint on the current
incident node. These constraints may be handled 1n a manner
analogous to propagated RAT's, as they can also be repre-
sented as additional edges 1n a timing graph (either in embodi-
ment, or theoretically), although these are virtual edges
between whose ends a test result 1s calculated, rather than a
true physical path for timing propagation. So, the data con-
sidered when calculating a minimum slack (or max/min RAT)
considers all incident constraint data 1n addition to all inci-
dent propagated data.

In block 20, the SSTA tool uses a difference between the
ATs and RATSs to compute timing metrics in the form of slacks
at each of the nodes (RAT minus AT for late mode and AT
minus RAT for early mode), which are defined thus so that a
negative slack value will always indicate a violation of a setup
or hold timing constraint. A positive slack indicates an
amount of time by which a violation of a timing constraint 1s
avoided by a path delay.

Conversely, block 20 may be skipped, with no explicit
slack calculation being performed during timing propagation.
It1s understood by a person having ordinary skill in the art that
calculation of the worst RAT will always yield the worst
slack. That 1s, 1n early mode, calculation of the max RAT wall
always produce the same solution as explicit calculation of
the min slack, and 1n late mode, calculation of the min RAT
will also produce the correct min slack solution. Therefore,
the slack calculations may be postponed until they are
required for reporting or optimization purposes, if this
approach 1s preferred. The RAT and slack are interchange-
able, and either may be propagated with equivalent results, so
the embodiments of the mvention applies equally well to
either explicit min slack calculations, or to max/min RAT
calculations.

In block 22, a proxy worst slack 1s substituted for the
statistical worst slack of at least one of the nodes 1n the timing
graph, as opposed to using the worst slack derived from the
statistical minimum of all slacks of the edges incoming 1nto
the node, and the proxy worst slack 1s reported in the timing,
report, as described below. The proxy worst slack, which 1s
flexible in definition, permits the designer to chase a specific
issue 1n the integrated circuit 1s currently limiting design
closure 1n the timing graph.

In one embodiment of the mnvention, the proxy worst slack
for a set of edges incoming nto a node, may consist of the
slack of the edge exhibiting the largest tightness (i.e., the most
probable edge to cause a fail). In another embodiment of the
invention, the proxy worst slack for a set of edges incoming
into a node may consist of the slack of the specific edge that
produces a worst projected slack. This proxy worst slack may
differ, often significantly, from the most probable edge to
cause a fail. In yet another embodiment of the invention, the
proxy worst slack for a set of edges incoming into a node may
consist of one or more slacks of one or more edges with
unusually large parameter sensitivities. The parameter sensi-
tivity must exceed a user-defined limit, which 1s defined by
the user on a per-parameter basis, to be considered unusually
large. In other embodiments of the invention, the proxy worst
slack for a set of edges incoming 1nto a node may consist of
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specific test types including, but not limited to, setup or hold
timing constraints. The proxy worst slack may also be defined
as some linear combination of the inputs, using some weight-
ing factors other than the tightness probabilities typically
used (e.g., user defined, or based on criticality of the incident
paths).

The proxy worst slack may be defined during reporting,
fixup, or optimization, using various combinations of the
different embodiments, as required to focus on the problem at
hand rather than potentially dismiss the node as acceptable
(1.e., the case when the statistical minimum slack at the node
1s passing in the timing graph). That 1s, the proxy worst slack
can be any of the individual critenia in the different alternative
embodiments, or may comprise some scaled combination of
the individual critena.

The proxy worst slack may be cached during backward
propagation in the initial timing run, which may improve
computational efficiency. When the statistical mimimum of all
slacks for the edges 1s performed (or max/min for early/late
mode RATSs 1s performed), one or more 1individual slacks of
the edges are 1dentified as the statistically worst slack for the
corresponding node based upon the user selected critenia for
the proxy worst slack and some minimal information 1denti-
tying these statistically worst slacks for the edges 1s stored
into a side data structure. The data 1s updated with any incre-
mental change 1n the RAT at each node. The data may then be
used 1n a flexible manner during reporting, optimization, and
fixup, optionally replacing the true edge slack in a user
defined manner. Alternatively, the proxy worst slacks may be
determined on the fly in real time during reporting, optimiza-
tion, and fixup, via dynamic re-analysis of all incident slacks
on the edges. When the proxy worst slack 1s desired on edges,
timing runs on all edges incident on a node are looped over
and those with the desired traits are tlagged for use as the
proxy worst slack for the edges.

In an alternative embodiment and i1n addition to being
reported in the timing report, the proxy worst slack associated
with a node may be used during backward propagation as a
substitute for the actual slack at a node. The backward propa-
gation of the proxy worst slack may aid in tracing specific
timing problems to their sources along a path. The backward
propagation of the proxy worst slack may also provide auto-
mated optimization and fixup tools with the appropnate data
required to help close timing (1n a manner totally contained
inside the SSTA tool, with no changes required 1n the other
tools consuming this data). This 1s embodied by replacing the
actual RAT data with RAT data corresponding to the proxy
worst slack, and then invalidating the RAT to trigger a back-
ward propagation. In an incremental SSTA tool, the re-propa-
gation 1s performed with a minimum overhead, as the re-
calculation only affects those cones of logic aflected by the
RAT change, and only occurs when a timing data query 1s
made within those cones. Similarly, 1f slack data 1tself 1s
propagated, the proxy worst slack itself may be propagated.

In block 24, a timing report 1s produced by the SSTA tool.
Information generated in the timing report may be used to
constrain timing paths during circuit synthesis to reduce tim-
ing constraint violations. The timing report typically includes
arrival times, required arrival times, slacks, and slews at each
node of the mtegrated circuit expressed as probability distri-
butions. Specifically, the information in the timing report may
include, but 1s not limited to, mean value and variance for
cach timing quantity, a parameterized representation of the
distribution of each timing quantity, a graphical representa-
tion of the distribution of each timing quantity, and a corre-
lation report between these various timing quantities. Various
automatic audits, such as checking for excessive parameter
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sensitivities, may be built into the timing report. Excessive
parameter sensitivities typically must be reduced 1n order to
improve the robustness of the circuit. The timing report also
includes the proxy worst slacks for the nodes that include
incoming edges, which are determined as outlined herein-
above.

Applicants hereby incorporate by reference herein the

entire disclosure of U.S. Publication No. 2005/0065765, pub-
lished Mar. 24, 2005 from Ser. No. 10/666,353 filed Sep. 19,
2003 and entitled “System and Method for Statistical Timing
Analysis of Digital Circuits™, for additional description of the
SSTA process.

While the invention has been 1llustrated by a description of
various embodiments and while these embodiments have
been described 1n considerable detail, it 1s not the intention of
the applicants to restrict or in any way limit the scope of the
appended claims to such detail. Additional advantages and
modifications will readily appear to those skilled in the art.
Thus, the mvention 1n 1ts broader aspects 1s therefore not
limited to the specific details, representative apparatus and
method, and illustrative example shown and described.
Accordingly, departures may be made from such details with-
out departing from the spirit or scope of applicants” general
inventive concept.

What 1s claimed 1s:

1. A method for analyzing timing of an integrated circuit
using a static statistical timing analysis (SSTA) tool, the
method comprising:

computing a timing graph from a netlist using the SSTA

tool, the timing graph having a plurality of nodes and a
plurality of edges connecting the nodes;

in response to forward propagating a first set ol probabi-

listic distributions in the timing graph, statistically cal-
culating with the SSTA tool an arrival time of the first set
of probabilistic distributions at each of the nodes;

in response to backward propagating a second set of proba-

bilistic distributions 1n the timing graph, statistically
calculating with the SSTA tool a required arrival time of
the second set of probabailistic distributions at each of the
nodes;

identifying with the SSTA tool a statistically worst slack

for a node 1n the timing graph from the arrival times and
the required arrival times either through a slack calcula-
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tion based upon the arrival times and the required arrival
times or through required arrival time calculations;

determining one or more of the slacks of the edges arriving
at the node 1n the timing graph with a parameter sensi-
tivity that exceeds a user-defined limut;

equating a proxy worst slack to the slack of the edge that

produces a worst projected slack: and

generating a timing report with the SSTA tool that replaces

the statistically worst slack with the proxy worst slack
for at least one of the edges arriving at the node 1n the
timing graph at which the statistically worst slack 1s
identified during backward propagation.

2. A method for analyzing timing of an integrated circuit
using a static statistical timing analysis (SSTA) tool, the
method comprising:

computing a timing graph from a netlist using the SSTA

tool, the timing graph having a plurality of nodes and a
plurality of edges connecting the nodes;

in response to forward propagating a {irst set of probabi-

listic distributions in the timing graph, statistically cal-
culating with the SSTA tool an arrival time of the first set
of probabilistic distributions at each of the nodes;

in response to backward propagating a second set of proba-

bilistic distributions 1n the timing graph, statistically
calculating with the SSTA tool a required arrival time of
the second set of probabilistic distributions at each of the
nodes;

identitying with the SSTA tool a statistically worst slack

for a node 1n the timing graph from the arrival times and
the required arrival times either through a slack calcula-
tion based upon the arrival times and the required arrival
times or through required arrival time calculations;
calculating a tightness probability for each of the edges;
comparing the tightness probabilities to 1dentily a largest
tightness probability;
equating a proxy worst slack to the slack for the edge
exhibiting the largest tightness probability; and

generating a timing report with the SSTA tool that replaces
the statistically worst slack with the proxy worst slack
for at least one of the edges arriving at the node 1n the
timing graph at which the statistically worst slack 1s
identified during backward propagation.
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